The cerebrospinal fluid (CSF) provides a ready access into the health state of the central nervous system, and alterations in some CSF proteins have been documented in brain disease. However, the complete variety of proteins is not known and methods to identify protein components are still being developed.The goal of this study was to examine the sequence coverage obtained from human CSF digests produced with different proteases. Enzymatic digests of CSF proteins were obtained with arginine-C endopeptidase (ArgC), glutamic acid endopeptidase (GluC), chymotrypsin, trypsin and their combinations, and then examined using reverse phase chromatography and a Finnigan TM LTQ TM linear ion trap mass spectrometer. Peptide sequences were identified with BioWorks 3.1 and sequence coverage calculated for the 38 mostconfidently identifiedproteins.Trypsin and GluCyieldedgreater coverage than chymotrypsin, while ArgC had the least sequence coverage. Protein sequence coverage was affected only slightly over four orders of magnitude dynamic range of abundance.Combining the peptides derived from different proteases further increased the coverage. Maximal sequence coverage was achieved by combining digest results from both GluC and trypsin. These results have implications for future studies to identify CSF proteins and their post-translational modifications.
INTRODUCTION
The cerebrospinal fluid (CSF) is a readily accessible sample that can be analysed to gain insight to the health state of the central nervous system. Proteins comprise a major component of CSF and some have established roles in clinical chemistry practice. Total protein is routinely measured and any elevation beyond the normal range of 0.2-0.5 g/ml indicates concern for a pathological process [1] . An excess of immunoglobulin, usually measured as the appearance of oligoclonal bands, indicates some inflammatory neurological disorder and is especially associated with multiple sclerosis [2] . A number of disease-related proteins are of research interest, but are still somewhat non-specific and, accordingly, have not been validated for any clinical utility. Examples of these include protein correlations with the Alzheimer's disease [3] , Parkinson's disease [4] and schizophrenia [5] .
The first example of a discovery-based CSF protein analysis that has led to a useful clinical test was the discovery of 14-3-3 proteins from a twodimensional (2D) gel-based approach [6, 7] . In the context of a dementia suspected of being CreutzfeldJakob disease (CJD), the presence of immunoreactive 14-3-3 has been validated as a useful test that supports the diagnosis of CJD [8] . However, we believe that if more CSF proteins are studied, useful knowledge of their importance in brain function will be found [9] . This may have an impact for many common brain disorders that currently have no objective marker, and for which the pathophysiology is unknown. Accordingly, more extensive discoverybased experiments are being pursued to identify as many CSF proteins as possible and then investigate them for disease correlates.
The methodologies for discovery-based searches substantially increase the ability to identify and quantify proteins, and include various forms of electrophoresis, chromatography and mass spectrometry (MS). Two-dimensional gel electrophoresis and liquid chromatography/mass spectrometry (LC/MS) are the most common approaches used currently and top-down LC/MS is on the horizon [10] . With these methods, more human CSF proteins have been detected [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . We have identified 2000 different proteins thus far [25] . Since neurexin genes have thousands of alternatively spliced products [26] and proteins such as prostaglandin D synthase have over ten different isoforms [27] , we expect the final CSF protein diversity to increase many fold when alternative splicing and post-translational modifications are taken into account.
Improvements in our ability to more rapidly identify proteins with accuracy and precision, measure their abundance and define the more subtle changes (from genetic, splicing or posttranslational modifications) are required to address the diversity and advance the field further. For LC/MS-based methodologies, the degree of confidence in peptide identification, the ability to quantify identified proteins and the ability to detect discrete modifications in protein sequence and structure all increase as more peptides are identified. Presently, there are relatively few literature references citing the use of multiple enzymes to aid in the identification or to characterize proteins in complex mixtures. Enhanced coverage was shown for purified proteins or those in simple mixtures [28, 29] and a limited number of proteases have been assessed in more complex systems [29, 30] . There are none to our knowledge that provide appropriate data to show the general applicability of this methodology. The goal of this study was to explore methods to improve sequence coverage by examining human CSF digests from different proteases. Enzymatic digests of CSF proteins were obtained with ArgC, GluC, chymotrypsin, trypsin or combinations of enzymes, and then examined with LC/MS. The degree of sequence coverage was found to vary for different protein substrates, but is directly related to the natural abundance of the amino acids that define the particular cleavage site. Further, combining the results obtained with different proteases gives a sequence coverage that is significantly higher than that obtained with either individual data set by itself.
METHODOLOGY Preparation of CSF protein digests
An aliquot of human CSF containing 2.8 mg total protein was denatured by adding solid urea; 720 mg urea was added to 2.0 ml of CSF. A 14.0 ml aliquot of dithiothreitol (DTT) solution (30 mg in 1 ml of 100 mM ammonium bicarbonate, pH 8) was added to the CSF/urea solution, mixed by gentle vortex and then incubated at room temperature for 1 h. Next, 56.0 ml of alkylating agent (36 mg of iodoacetamide in 1 ml of 100 mM ammonium bicarbonate, pH 8) was added, mixed by gentle vortex and then incubated at room temperature in the dark for 1 h. Next, excess iodoacetamide was removed by adding 56.0 ml of DTT solution followed by gentle vortex mixing and incubation at room temperature for 1 h. Excess reagents were removed and the buffer exchanged (3Â) to 100 mM ammonium bicarbonate (pH 8) with spin filtration (Viva Spin 500) to a final volume of 140 ml.
Trypsin, GluC and chymotrypsin digests were prepared in a similar manner. Reduced-alkylated CSF proteins were diluted to 11-14 mg/ml with 100 mM ammonium bicarbonate (pH 8). Trypsin or GluC or chymotrypsin (all Princeton Separations, Inc.) were added to give a protein:protease ratio of 50:1 by mass and incubated overnight at 37 C, typically 14-16 h of incubation. The reaction was quenched by adding glacial formic acid to achieve pH 3.
Digests with GluC and ArgC were prepared under slightly different conditions. ArgC digests were prepared by diluting reduced-alkylated CSF proteins to $1.2 mg/ml with 100 mM ammonium bicarbonate (pH 8). ArgC was added to give a protein: protease ratio of 20:1 by mass and incubated overnight at 30 C, typically 14-16 h of incubation. Additional GluC digests were prepared in an identical fashion for the purpose of comparing the different experimental conditions. GluC-ArgC digests were prepared in a similar manner where GluC digestion was initiated and allowed to proceed for 8 h. ArgC was then added (20:1 protein:enzyme) and the composite reaction allowed to continue overnight, typically 14-16 h.
NanoLC-ESI ion trap MS
A modified version of the PepFinder Kit with a Finnigan Surveyor HPLC, autosampler and nanoflow solvent delivery system (Thermo Electron Corporation, San Jose, CA, USA) was used to present the CSF sample to a Finnigan TM LTQ TM ion trap mass spectrometer equipped with a nanoelectrospray ion source (Thermo, San Jose, CA, USA) and 30 mm PicoTip emitter (New Objective, Inc.) The PepFinder Kit was modified from its original form to contain a 5 Â 0.3 mm Zorbax C-18 peptide trap (Agilent Technologies) or a 0.075 Â 25 mm Biobasic C18 IntegraFrit Trap (New Objective, Woburn, MA, USA) combined with a 100 mm internal diameter Â 25 cm BetaBasic 18 nanobore C-18 separation column (Thermo). In a typical experiment, 6 mg of CSF protein digest was injected onto the trap, washed and then eluted onto and through the C-18 column with a pseudo-exponential gradient profile, from 0 to 80% B in $4 h in the following gradient increments; 0.1%/min for 50 min, 0.2%/min for 50 min, 0.25%/min for 40 min, 0.33%/min for 60 min, 0.44%/min for 45 min and 4%/min for 5 min (A ¼ 0.1% formic acid, B ¼ 0.1% formic acid in acetonitrile). The mass spectrometer was operated in a data-dependent MS/MS mode and dynamic exclusion was enabled. Gas-phase fractionation with three distinct scan ranges (450-600, 650-900, 900-1600 m/z) was used to maximize the number of peptides identified as described by Yi et al. [31] . The number of MS/MS scans varied with the scan range (1 MS þ 10 MS/MS for 450-600 m/z, 1 MS þ 8 MS/MS for 650-900 m/z, 1 MS þ 4MS/ MS for 900-1600 m/z).
Data Analysis
The MS/MS spectra obtained from each LC/MS analysis were searched against a SwissProt database (release 7459) using the Sequest algorithm [32] implementation of BioWorks 3.1 (Thermo, San Jose, CA, USA). In order to minimize falsely identified peptides, we analysed only the most confident spectra. This was achieved for 38 proteins that were positively identified from two independent LC/MS experiments of a single trypsin digest. Identifications were based on the criteria presented by Washburn et al. [33] . Peptides with up to two missed cleavages were allowed. Peptides with both cleavage ends unrelated to the protease employed were assumed to be false-positive identifications and were eliminated from the data sets. Each of the 38 proteins was identified by two or more different peptides in both LC/MS experiments and represents those with the highest consensus score.
We obtained sequence coverage for each type of protease experiment as follows: (i) for single-enzyme coverage, we combined all the positively identified peptides for each protein from the two consecutive LC/MS experiments, but counted any identical or shared sequences as one. The resulting, unique sequence coverage was summed per analysis, and then converted to a percentage of the biologically competent species (e.g. signal and pro-peptides not included). (ii) for dual-enzyme coverage, we combined the aforementioned single-enzyme coverage for each protease pair, again counting any identical or shared sequences as one, and calculated the percent coverage as before.
RESULTS AND DISCUSSION
The goal of this study was to examine the differences in sequence coverage obtained from human CSF digests produced with different proteases, either individually or in combination. From this we hope to determine the best method to obtain the greatest sequence coverage with the fewest number of experiments.
Comparison of the ion chromatograms obtained from each protease digest (Figure 1 ) provides insight regarding the numbers and lengths of the peptides obtained from each type of digest. The similarity of the trypsin and chymotrypsin chromatograms indicates that the average numbers and lengths of peptides produced by each enzyme are similar. The long retention times for peptides from ArgC digests indicates that they are much more hydrophobic than that produced by trypsin or chymotrypsin, suggesting the presence of fewer and much longer peptides. GluC produces peptides with the widest range of retention times, and thus the most diverse array of peptide lengths. The combined ArgC-GluC digest chromatogram resembles that of the GluC, as would be expected. The sequence coverage obtained for CSF proteins using GluC under both sets of experimental conditions were the same within the experimental error, indicating that the different experimental conditions do not affect the number of peptides produced for the CSF proteins. For this reason, we feel that all ArgC and combined GluC and ArgC data should be directly comparable to all other results.
The sequence coverage obtained from each LC/MS run for each of the 38 selected proteins is given in Table 1 . The sequence coverage for any individual protein substrate is quite consistent across LC/MS runs for a particular protease with respect to total sequence coverage, but otherwise the percent coverages vary widely in a protease-protein substrate-dependent manner. Combined in silico digests (Table 2) show a similar trend. Insight into the variability of the percent sequence coverage with respect to the abundance levels of different protein substrates and the same protease may be gleaned from the data presented in Table 3 where the average observed coverage for the selected CSF proteins are listed with their known in vivo ranges of concentration. The fact that all proteases and combinations examined produced peptides for proteins that differ in concentration by nearly four orders of magnitude and that the resulting coverages vary comparatively little over this range indicates that the availability of cleavable sites rather than the enzyme efficiency limits amino acid sequence coverage. The data presented in Table 4 provides the global averages of the data presented in Tables 1 and 2 . Clearly there is a wide range of sequence coverage produced by the different proteases where, in terms of single enzyme sequence coverage:
With few exceptions, the combined GluC-ArgC digests produce coverage between that obtained with GluC and ArgC alone. We hypothesized that ArgC would increase the sequence coverage by liberating peptides from regions not accessible to GluC. However, the primary effect of added ArgC was to reduce the average size of GluC-produced peptides and consequently the efficiency of capture on the peptide trap and subsequent MS detection. This suggests that the use of proteases with greater natural abundance of cleavable sites than trypsin or GluC (e.g. pepsin) will result in lower coverage than observed for either GluC or trypsin digests of CSF proteins. The global averages given in Table 4 shows that some combinations are better than others where:
The in silico combination of GluC and trypsin unshared sequence data increases the trypsin sequence coverage from 28.6 to 44.3%, a 55% improvement in sequence coverage. Similarly, the in silico combination of chymotrypsin and trypsin unshared sequence data, and ArgC and GluC unshared sequence data improves the trypsin and GluC coverage by 13 and 21%, respectively.
We examined how the increased coverage after combining trypsin-and GluC-derived peptides would affect our ability to study CSF proteins. Figure 2 shows the regions of peptide fragments from 7 proteins that were surveyed. Complementing the data in Table 4 , Figure 2 shows that this combined data allows considerably greater coverage for altered amino acids and post-translational modification sites, as compared with the either enzyme alone. For example, combining the unshared sequence data for a GluC and trypsin digest of apolipoprotein D (Figure 2 ) will increase the sequence coverage to 74.6% (Table 4 ) from 29.0 and 60.4% provided by trypsin and GluC, respectively. In addition, the application of the two enzymatic digestions allows characterization of additional sequences that contain phosphorylation sites. 
CONCLUSIONS
The success of bottom-up proteomics of the CSF is clearly a function of the proteases employed.
Although there is a significant variability in the sequence coverage obtained for different CSF protein substrates, it is clear that trypsin or GluC equally produce the largest sequence coverage for a single protease. Further, combining data from two individual digests produced by different proteases significantly enhances the overall sequence coverage for most CSF proteins. The greatest coverage is achieved by combining trypsin and GluC digests. Such improved sequence coverage will aid in protein identifications, including the study of specific alterations in protein sequence and post-translational modifications. 
Key Points
Human CSF digests produced with different proteases were examined using MS, and sequence coverage for the top 38 identified proteins was obtained. Trypsin and GluC yielded greater coverage than chymotrypsin, while ArgC had the least sequence coverage. Protein sequence coverage was affected only slightly over four orders of magnitude dynamic range of abundance. Combining data from the two individual digests produced by different proteases significantly enhances the overall sequence coverage for most CSF proteins. Maximal sequence coverage was achieved by combining digest results from both GluC and trypsin.
